Thin oxide films have been used as model supports to unravel the influence of the oxide-metal and oxide-gas interface. We discuss the influence of defects in the oxide lattice and the oxide surface on properties of adsorbed species, in particular the formation of oxide particles from a deposited transition metal onto ceria and of adsorbed oxygen from the gas phase. Here we correlate the structure of the particles, as revealed by a combination of STM and spectroscopic as well as theoretical calculations, with their reactive properties. The nature of the involved defects is characterized by adsorption of Au as a way to correlate the influence of various defects of different structure on the Au charge state. In a second case study, we demonstrate the influence of dopants within the supporting oxide on the adsorption of oxygen on a defect free surface. This is shown to be potentially relevant for the activation of methane in oxidative methane coupling reactions, as recently demonstrated.
Introduction
Adsorption on defect-free oxides is generally weak given the high degree of bond saturation at their surface and the large gap, in particular, that governs their electronic structure [14, 15, 24, 26, 31, 38, 44, 45, [52] [53] [54] 58] . Metal atoms deposited onto pristine oxides have essentially two means to interact with the surface [58] . The first one, being accessible to all atoms, arises from van der Waals or dispersive forces, i.e., the adatom gets polarized in the Madelung field of the oxide and experiences dipolar coupling to the surface. Depending on the atom polarizability, the resulting adsorption energies are of the order of 0.5 eV or below for a single atom. The second interaction channel that is relevant for open-shell dand f-elements is direct hybridization between orbitals of the adspecies and the oxide surface. Especially the overlap between the d-states of transition metal atoms and the 2p orbitals of the surface oxygen plays an important role and enables an increase in the metal-oxide bond strength to more than 1.0 eV [27, 28, 57] . Naturally, this channel is dominant for metals with partly filled d-shells (Cr, Mn, Fe, V) and loses influence for semi-noble and noble metals, e.g., Pt, Cu, Ag, and Au. Oxide materials are never perfect and therefore surface defects need to be considered as potential binding sites for any adsorbate (ref. J. Haber in [10] ). In particular, with respect to oxidation of hydrocarbons, the interaction of oxygen from the gas phase with surface defects has been considered essential for oxygen * Tel.: +49 30 8413 4100; fax: +49 30 8413 4101.
E-mail address: freund@fhi-berlin.mpg.de binding to the surface, forming the so called "electro-phyllic" oxygen, while the lattice oxygen was considered to be "nucleo-phyllic". According to a proposal by Callahan and Grasselli [5] , the concentration of "Nucleo-phyllic" lattice oxygen in direct contact with the active center, controls the selectivity of the catalytic reaction with respect to total oxidation. They called this scenario "site isolation principle". The active centers may be associated with oxide defects.
Oxide defects often give rise to considerable variations in the electrostatic potential, which originate from unbalanced charges and cannot be screened due to the low density of free carries in the insulating material. In covalently bound oxides, dangling bond states may emerge at the defect site, reflecting the rigid lattice structure of the system that does not support bond reorganization. Whereas dangling bond states are highly susceptible to form covalent bonds to metal adatoms, electrostatic forces and charge transfer processes become relevant in the presence of charged defects in ionic oxides. Oxygen vacancies in MgO, for example, are able to exchange electrons with metallic adsorbates, which enable strong Coulomb attraction between both partners. Defectmediated interaction schemes exceed the binding potential of the regular surface by up to a factor of three, underlining the significance of such lattice irregularities for the nucleation and growth of metals on oxide materials and adsorption in general. A particularly interesting approach to modify the adsorption strength without generating surface defects is the insertion of charge sources directly into the oxide lattice (Fig. 1) .
In such a scenario, doping with aliovalent impurity ions may be exploited to introduce charges into the interior of thick films and even bulk oxides. Also in this case, charge transfer into the ad-species has been revealed, the direction of which is given by the nature of the dopant in conjunction with the electronegativity of the adsorbate. Again, charge exchange is connected with a considerable increase of the adsorption strength [32] . In the following, we will substantiate those general considerations on the basis of two case studies carried out in the authors laboratory.
VO x oxide clusters supported on CeO 2 (1 1 1) for methanol oxidation [3]
In the spirit of what was argued in the introduction, we have studied the deposition of vanadium onto a thin CeO 2 (1 1 1) film grown on Ru(0 0 0 1). The film has been chosen such (5-8 O-Ce-O tri-layers), that the metal substrate does not influence the chemistry on the films surface in any noticeable way.
Recently, comprehensive studies of the structure of vanadia clusters on CeO 2 (1 1 1) thin films as a function of vanadia coverage have been performed [3] . Fig. 2 shows STM images of VO x /CeO 2 (1 1 1) surface at increasing vanadia coverage, that is, from 0.1 to 4.3 atom/nm 2 . Random distribution of vanadia species together with the absence of preferential nucleation sites suggests a strong interaction between vanadia species and the underlying ceria support. In the atomically resolved image (Fig. 2a) , the protruding spots (ca. 3Å in diameter and 1.2Å in height) appear to be monomers positioned atop protrusions in the ceria substrate. Increasing vanadia coverage first resulted in a higher density of monomeric species and the simultaneous formation of dimers, trimers, and ill-defined large aggregates with a relatively broad size distribution, which are indicative for kinetically limited growth of the vanadia particles deposited at room temperature. The monomeric species are thermally the least stable. Annealing to 700 K caused monomers to sinter, ultimately producing vanadia trimers and heptamers, particularly at higher coverage. The distance between the protrusions within the trimers and heptamers (∼3.9Å) is basically the same as measured on the pristine ceria films. The apparent height of these islands, ca. 1.3Å, is about the same as for monomers. The respective IRA spectra revealed only bands at 1000-1040 cm −1 , which, combined with the XPS results showing vanadium only in a +5 oxidation state, strongly suggest these species to be vanadyls (V O) in nature. The IRAS band shifts from 1006 cm −1 for monomers to 1033 cm −1 for trimers and further to 1040 cm −1 for heptamers and larger oligomers (see Fig. 2c ), ultimately approaching the frequencies (∼1045 cm −1 ) observed for vanadia three-dimensional nanoparticles supported on alumina and silica thin films [19, 22] . This shift is characteristic for the onset of dipole coupling between neighboring V O groups in the oligomers and is fully supported by DFT calculations [48, 56] .
Therefore, the presnr model systems allowes one to establish a direct structure-spectroscopy correlation for oxide supported vanadia clusters.
These well-defined systems were further studied with respect to oxidative dehydrogenation of methanol with the aim to understand the support effects observed on this reaction on the real catalysts [12] . Methanol oxidation on vanadia supported on both CeO 2 (1 1 1) single crystal and polycrystalline ceria has previously been studied by the group of Vohs [13, 48, 55, 56] .
We have reported TPD spectra of methanol on ceria supported vanadia have been reported as a function of vanadia coverage [2] . The pristine CeO 2 (1 1 1) surface of a film grown on Ru(0 0 0 1) shows a formaldehyde desorption signal at ∼565 K. In the presence of vanadia, the desorption peak shifts to ∼590 K. Note that in those experiments methanol was exposed to the sample at 300 K. As the coverage of vanadia increases, the integral intensity of the peak decreases and finally becomes negligible for the highest VO x coverage. Two peaks related to the interaction of methanol with the vanadia/ceria surfaces appear at lower temperatures, (∼370 K) and (∼475 K).
It is clear that the formation of formaldehyde at 370 K is only observed at low and intermediate vanadia coverages, where monomeric vanadia-species were identified by IRAS. An STM study [3] showed that these species exhibit low thermal stability and that they sinter on heating. The peak at 475 K may partially be due to polymeric vanadia species, formed during the temperature ramp. For the highest coverage of vanadia, where large polymeric species dominate the surface structure prior to the temperature ramp, the peak at 475 K is shifted to about 500 K, and the overall reactivity diminishes. Therefore, low temperature reactivity observed for vanadia/ceria relates both to high dispersion of vanadia and to the degree of reduction of the ceria support close to V O species, as indicated by photoelectron spectroscopy (not shown here).
Among several possible schemes for methanol adsorption, the one shown in Fig. 3a agrees best with the key experimental findings observed, that is, depletion of the V O band in IRAS, V reduction in XPS, and available, reduced Ce sites in close proximity to V O serving as binding sites for methoxy.
It appears that the support effects reported in the literature for real vanadia catalysts [4, 39, 49] are related to the stabilization of small and isolated vanadia species by reducible oxide supports. Another important factor that controls the reactivity is that ceria stabilizes vanadium in the form of vanadyls. To illustrate this, Fig. 3b shows the IRA spectra for the vanadium deposited at 100 K and then stepwise annealed to 300, and 700 K in UHV. The formation of V O is clearly observed upon annealing to 300 K, which can only be explained by vanadyl oxygen incorporated from ceria support.
Further, annealing causes sintering, which is accompanied by the band shift toward higher frequencies, which agrees well with the data shown in Fig. 2 .
The results of DFT calculations nicely prove this scenario [3] . When a V atom is deposited on the perfect CeO 2 (1 1 1) surface, four electrons are transferred from V 3d states into Ce 4f states, thus creating four Ce 3+ ions and leaving vanadium in the +4 oxidation state (see Fig. 3 ). There is, however, an isomeric structure of the V/CeO 2 (1 1 1) system with 1.48 eV less energy, in which oxygen atoms have rearranged such that a vanadyl bond is formed and a subsurface oxygen defect is created in the third oxygen layer of ceria. Further DFT calculation by the Sauer group [33] reveal migration barriers for monomer species as high as 1.95 eV, which indicates that such species are kinetically "locked in".
In order to characterize point defects (oxygen vacancies) on and below the surface of CeO 2 (1 1 1), we have used titration with Au atoms, which also reveal charge states, characteristic for specific defects [36, 37] . The density of defects in the film was controlled by the final annealing step in the preparation. While annealing in oxygen triggered the formation of sub surface vacancies (V sub ), appearing as trifoliate depressions in empty-state (positive bias) images, vacuum annealing mainly produced surface defects (V surf ) [11, 47] . The V surf showed up as holes (not shown) and twofold or threefold maxima in filled and empty-state images, respectively (Fig. 4(b) ).
The specific positive-bias contrast relates to the spill-out of 4f orbitals of adjacent Ce 4+ ions, while Ce 3+ species next to the vacancy appear slightly darker in the STM images [18] . The defect density was determined to be ∼5 × 10 12 cm −2 for V sub at O 2 -rich preparation conditions, and ∼5 × 10 13 cm −2 for V surf defects formed upon 1000 K vacuum annealing. While the adsorption of Au atoms on defect free areas is mainly observed in O on-top positions, further binding geometries emerged in the presence of lattice defects. As expected, surface vacancies turned out to be effective traps for the Au atoms (Fig. 5) [34, 59] .
Such defect-bound species served as nucleation centers for incoming Au atoms and governed the aggregation processes on the surface [36] . However, also subsurface defects, more precisely the Ce 3+ ions associated with them, were found to modify the adsorption behavior. Experimental evidence came from the unusual arrangement of Au atoms on oxide films with a high density of V sub defects. At low exposure, up to 40% of the Au species appeared as characteristic pairs with a mean atom distance of 7.6Å (two CeO 2 lattice parameters) (Fig. 5(a) ). Note that even the shortest pair length of 4.8Å observed here would be too large to be compatible with direct Au-Au coupling.
We therefore, based on DFT calculations carried out by the Sauer group, suggest that this unusual atom distribution is governed by defects in the ceria lattice. The atom pairs were found to be metastable, as they could be assembled to a single upright Au 2 dimer with a 3.0 V tip pulse [ Fig. 5(d) ]. Further manipulation experiments enabled us to determine the binding sites of the paired atoms by desorbing them via high bias scanning. In a few successful examples, we could identify a subsurface vacancy in close vicinity to the Au pair, suggesting an involvement of this defect type in the pair formation (Fig. 6(c) ). This idea is supported by a statistical analysis of our data that revealed a direct dependence of the number of Au pairs on the V sub concentration in the surface [1] . Finally, all atoms in paired configurations but also a couple of isolated monomers featured a specific contrast in low bias images, characterized by a dark ring around the actual maximum ( Fig. 5(a), inset) . In earlier experiments on alumina [29] and magnesia films [46] , such sombrero shapes were associated with charges on the adatoms, inducing a local bending of the surrounding oxide bands. We thus conclude that V sub defects are not only responsible for the pair formation, but induce a charge transfer into the Au atoms as well. As a working hypothesis, we propose that the Au pairs result from a titration of the Ce 3+ surface species created by oxygen removal from the ceria lattice. It should be noted, that Au adsorption at higher coverage on defect free areas leads to very different adsorbate structures [36] .
Oxygen adsorption on doped oxides
By studying charge transfer through ultrathin oxide films grown on metal supports we have demonstrated by a large number of studies in the past, the influence of the metal support on the morphology and particle growth mode on top of those films [21, 29, 31 ].
An interesting possibility to extend the concept of chargemediated particle growth from thin, metal supported films to bulk oxides, where the metal support as a source of electrons is no longer available, is the insertion of suitable charge sources directly into the oxide material [7, 8] , preferentially into a near-surface region to allow for charge exchange with adsorbates. The fundamental approach to insert charge centers into a material is doping, and the underlying concepts have been introduced in the mature field of semiconductor technology [25] . Oxides, different from semiconductors, are subject to self-doping either by native defects or unwanted impurities, the concentration of which is difficult to control experimentally [51] . Both lattice defects and impurity ions may adopt different charge states in the oxide lattice [20, 43] , a variability that leads to pronounced compensation effects and is less common in semiconductors. Finally, dopants may be electrically inactive in a wide-gap insulator, as thermal excitation is insufficient to promote electrons from defect states into bulk bands. As a result, the excess charges remain trapped at the host ions and are unavailable for charge transfer. The following examples demonstrate, however, that doping may be used to control the growth of metals even on bulk-like oxide materials [17, 23, 26, 30, 35, 38, 50] . The underlying concepts are similar to those developed for thin films before [31] .
In general, doping is carried out with impurity ions that adopt either a higher or lower valence state than the substituted ions in the host lattice. Whereas high-valence dopants may serve as charge donors and provide extra electrons, under-valent dopants exhibit acceptor character and may accommodate electrons from suitable adsorbates.
The impact of doping on the growth morphology of gold nanoparticles has first been realized for crystalline CaO(0 0 1) doped with Mo in the sub-percent range [42] . On the doped oxide, gold was found to spread out into flat monolayer islands, while the conventionally expected 3D growth prevailed on pristine, non-doped CaO material (Fig. 6) .
Evidently, the Mo dopants are responsible for the 2D growth morphology, as the bare CaO(0 0 1) surface interacts with gold only weakly. Doped bulk oxides display, in many respects, similar adsorption properties as ultrathin oxide films, as anticipated above. In both systems, excess electrons are transferred into the ad-species. Whereas for ultrathin films, the extra electrons are provided by the metal substrate below, doped oxides contain intrinsic charge sources in the form of alio-valent impurity ions. Thin oxide films grown on metal single crystals are mainly of academic interest, as they provide easy access to the properties of oxide materials via conventional surface science techniques. Doped oxides, on the other hand, are of practical relevance for instance in heterogeneous catalysis. As shown in this section, over-valent dopants are able to change the particles equilibrium shape from 3D to 2D, which is expected to change the reactivity pattern of the metal-oxide system. Moreover, charge transfer from electron-rich dopants might be a suitable pathway to activate small molecules, such as oxygen or methane, as discussed next.
Using scanning tunneling microscopy and density functional theory, evidence is provided that strongly bound O 2 − species with high susceptibility for dissociation form even on chemically inert CaO(0 0 1) surfaces after the material has been doped with Mo ions. To correlate the Mo concentration with the CaO reactivity toward oxygen, the position of the oxide conduction band with respect to the Fermi level can be used as a descriptor. With increasing donor concentration, the band position experiences a downshift, as electrons are transferred from interfacial Mo species to the metal substrate below [41] . This charge flow generates a positive interface dipole between oxide film and metal support that shifts the vacuum level and the oxide conduction band to lower energy (Fig. 7b) . A steep onset in the O 2 adsorption probability is now observed when the band edge drops below 3.0 eV, while films with a band position higher than 4.0 eV are unable to bind oxygen. Again, electron donation from the Mo impurities is the crucial requirement for molecular activation.
Although the band position is a nonlocal parameter, dopants and O 2 molecules are expected to interact directly with each other and not through a delocalized charge background. Experimental evidence comes from O desorption experiments, in which isolated molecules are removed from the surface by a bias pulse with the STM tip. In 50% of those experiments, a Mo donor is detected below Step edges are preferred O2 binding sites only on weakly doped films (see arrows in c) [9] . . Note the dissociation of most molecules into atom pairs upon electron injection from the tip. While atoms appear with pronounced sombrero shapes at higher bias, the molecules are imaged as deep depressions in the surface [9] . the molecule by a characteristic feature in the STM image. Interestingly, the dopant never occupies a position directly in the top layer but sits in sub-surface oxide planes, as deduced from the diameter of characteristic charging rings emerging in the STM images [6] . It is concluded that the Mo ions are able to exchange charges with the surface O 2 molecules even over distances as large as 1 nm. A last experimental hint for O 2 − formation on doped CaO films comes from the facile dissociation of the molecules, which proceeds with close to 100% probability when 4.0 eV electrons are injected from the tip into the surface (1 min @ 20 pA) (Fig. 8) .
The bond cleavage occurs as a second electron enters the antibonding states of the already weakened superoxo species. The electron transfer between Mo donors and O 2 acceptors has been corroborated with DFT calculations performed at the B3LYP + D level. On non-doped CaO(0 0 1), a neutral O 2 molecule binds with 13 kJ mol −1 (mostly from dispersion forces) to a Ca-Ca bridge position, while Ca 2+ top sites are less preferred. In contrast, an O 2 − species binds to the same bridge site with a binding energy of 87 kJ mol −1 , when a Mo 3+ ion is present in the third subsurface plane. The charge transfer to oxygen becomes even more favorable for Mo 2+ donors in the oxide film, given their low ionization energy [42] . Further evidence for the formation of superoxo species comes from the bond elongation (121-133 pm) and the reduced stretching frequency (1537-1200 cm −1 ) computed for O 2 molecules on the doped oxide. A lower apparent dissociation barrier was calculated by the Sauer group for superoxo species on doped CaO (66 kJ mol −1 ) compared to that of neutral O 2 on pristine CaO (110 kJ mol −1 ), following the trend observed experimentally. The O 2 − on Mo-doped CaO is bound with an energy of 90 kJ mol −1 , and is hence stable at room temperature. Moreover, the species is prone to dissociation into atomic oxygen on the doped surface. It is concluded that dopants may play a pivotal role in the activation of hydrocarbons on wide-band-gap oxides. The latter has been confirmed in an experimental study of the Schlögl group, which represents a synthetic masterpiece, and demonstrates an unusually high reaction yield for the oxidative coupling of methane over Fe-doped MgO powder [40] .
Synopsis
We have demonstrated that model studies using systems with reduced complexity allow us to identify specific aspects in structure-spectroscopy and structure-reactivity relations, which would be very difficult, if not impossible, to isolate in a real catalytic material. By creating materials, which are suitable to be investigated via the tool box of surface science we showed unprecedented structural information for vanadia clusters on a ceria surface with well-defined defect structures, and the relation to its reactivity toward methanol oxidation. In a second case study we used the knowledge deduced from our studies on metal supported ultrathin films, and the electron transfer through the films, to propose that dopants in an oxide support might be the source of charge similar to the metal support underneath the ultrathin film. In a case study, Mo dopants in CaO are used to activate oxygen molecules on a defect free oxide surface. In a recent study the Schlögl group has presented [40] oxidative methane coupling studies on Fe doped MgO material which indicate the appropriateness of those model studies.
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